It is now well established that, due to excitation of localized surface plasmon resonances in plasmonic nanosystems, the electric field from an external irradiation source is greatly amplified in their vicinity.
I. Introduction
Surface plasmon (SP) mediated amplification and nanoscale confinement of electric field near plasmonic nanostructures plays a crucial role in enhancing light absorption [1] [2] , measuring proximity of biological macromolecules such as proteins, lipids and nucleic acids using SP enhanced FRET [3] [4] , altering electrical and optical properties of molecular nanojunctions [5] , molecular detection using surface enhanced Raman spectroscopy (SERS) [6] [7] , photoluminescence [8] [9] [10] , second harmonic generation [11] , and fluorescence emission, to name only a few. It is well known that isolated (monomer) as well as coupled (e.g., dimer) plasmonic nanoparticle (NP) system amplify external irradiation in their vicinity, largely due to excitation of localized surface plasmons (LSPs) and their coupling with irradiated field [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Generally, strongly coupled plasmonic dimer structures induce relatively stronger field amplification within the gap region of coupled nanoparticles. Interestingly, a molecule or a molecular chain placed in the dimer gap region allows a more efficient fluorescence quantum yield [22] . In fact, dimer system is superior in both, the field amplification as well as quantum yield, hence useful for enhancing fluorescence and photoluminescence. In contrast to the isolated nanoparticle, coupled nanoparticle structures in general provide greater flexibility in spectral tuning to obtain specifically engineered optical response at desired wavelength/frequency by controlling particle size and shape, particle separation, and plasmonic material.
Localized surface plasmons (LSPs) of coupled nanoparticles further hybridize to produce bonding and antibonding plasmons, thus inducing a more intense electric field in the dimer gap relative to monomer structures. In the recent past, plasmonic properties of isolated and coupled nanoparticles have been studied extensively using e.g., discrete dipole approximation (DDA) [13, 14] , hybridization theory [13, 15] , generalized multiparticle Mie (GMM) method [23] , and FDTD [12] . For example, Hao and Schatz [14] studied EM fields and extinction efficiency around isolated and coupled nanoparticles of silver (Ag) using DDA for determining conditions to achieve field amplification sufficient for SERS based single molecule detection. After extensive theoretical and experimental investigations, the issue of the origin of enhanced field in SERS is settled and the major contribution to SERS enhancement is attributed to surface plasmon mediated local field amplification and subsequent enhancement of Raman excitation and emission near plasmonic nanoparticles. Optical properties of a pair of interacting identical gold nanoparticles were measured by W. Rechberger and co-workers [11] , who reported a remarkable spectral red-shift for longitudinal polarization. J. Aizpurua and co-workers [15] used boundary element method (BEM) for studying optical response of coupled nanorods with varying composition, geometry, and environment with their prospective application in field enhanced spectroscopy. K. H. Su and co- 
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. Also, the figure of merit of a bimolecular sensor is defined as, (FoM=Resonant Wavelength × Sensitivity/FWHM). Hence, it is desired to maximize the electric field enhancement for improved Raman signal, and to minimize (narrowed) the spectral width to improve the sensitivity of a bimolecular sensor. Due to recent surge of interests in photocatalysis and the detection of organic and biological systems showing strong UV response, aluminum based plasmonic system is gaining attention for their suitability in UV/deep-UV plasmonics [22, 23] . The renewed interest in Al plasmonics is primarily originated from the fact that, Al's bulk plasma frequency which lies in the UV region is higher than that of Au and Ag. This is useful for applications in, the detection of organic and biological systems exhibiting strong UV absorption, SERS substrate, plasmonic UV antenna, and photocatalysis.
Present study focus on formulating Bergman-Milton multipole spectral expansion method (BMMSEM) for investigating surface plasmon mediated electric field amplification in the dimer arrangement of Al, Ag and Au nanoparticles. BMMSEM was developed by D. J. Bergman for an accurate approximation of the effective dielectric constant of a two grain composite material system [24] .
G. W. Milton further extended this method by giving generalization of the bounds [25] . Bergman spectral method has been recently extended to treat plexcitonic systems where energy transfer interactions between acceptor and donor molecules near isolated spherical nanoparticle and core-shell plasmonic nanoparticle [3] [4] [5] . Several easy to use closed form analytical expressions were developed, which were subsequently used for investigating surface plasmon enhanced strengthening of FRET process.
BMMSEM separates geometrical and dielectric characteristics. Moreover, BMMSEM has flexibility and simplicity in extending the approach to treat an arbitrary arrangement of nanoparticles by solving corresponding general eigenvalue problem. The objectives of the present article are to: (I). formulate BMMSEM for calculating electric field near a dimer of spherical nanoparticles, (II). study the effect of particle size and interparticle separation on electric field enhancement, (III). compare the field enhancement characteristics of Ag, Al and Au as plasmonic materials and understand their behavior in UV-Vis regions, (IV). express basic dependence of electric field enhancement and the resonant peak on particle size, interparticle separation, and the embedding medium as fitting expressions handy to be used as basic design tools for designing nanoparticle dimer based plasmonic structures for UV-Visible spectral window useful for SERS, sensing etc. applications, (V). explain the physics behind important observations, (VI). propose Ag/Al/Au nanoparticle dimer designs at different wavelength.
II. Theoretical Model
The dimer based plasmonic system of spherical nanoparticles (NPs) considered for present investigations is described in this section. The system consists of a homogenous pair of interacting metallic Centre to centre and surface to surface separation between nanoparticles are denoted by b and S, respectively. The system is illuminated using radiation field polarized along dimer axis (here, z) and In such a case, the function consisting of multipoles has to be expanded about the shifted origin. The optical response of the system is described through dielectric
where, 1 ) ( = Θ r (0) inside (outside) the metal. In the limits of quasistatic approximation, where considered system size is much less than the wavelength (λ) of light, the electrostatic potential ) (r Φ can be expressed as [4] ,
Using Eq. 1, Eq.2 produces,
Further mathematical manipulation leads to,
Following references [4, 24] define spectral parameters, ) ( u ω and ) s(ω as,
The corresponding eigenvalue problem now becomes,
In general, one will have to solve Eq. 6 (equivalently, Eq. 7) for the plasmonic system under consideration. The formal solution for ) (r Φ may be written in terms of vacuum Green's function 0 G as
where, operator Γ is defined as the following integral,
Here, the scalar product of two eigenfunctions is defined as [29] ,
Here, ) ( * r λ ψ denotes the complex conjugated andδ , the Kronecker delta symbol. The scalar product is valid inside the metallic region only. When no external potential is applied, the eigenvalue equation takes the following form,
The detailed procedure for determining eigenvalues and eigenstates of operator Γ for isolated spherical and core-shell nanoparticle is described in [3, 4] . On determining the eigenvalues and eigenstates of operator Γ , the solution can now be generalized to the external electric potential, say ) (r ext Φ
. Using the completeness condition,
The potential r) ( Φ at point r due to the dimer system can be written as [24] ,
The electric potential in the gap region is calculated using Eq. 14 and subsequently the electric field in the middle of the dimer gap by taking gradient of the electric potential. Now, for calculating the overall potential in the gap region, firstly one will have to calculate the external potential due to the irradiated homogeneous electric field in which the whole dimer system is kept. For this, one will have to; construct dimer matrix, calculate eigenvalues and eigenvectors of dimer matrix, obtain translated eigenmodes, and solve overlap integrals for translated and origin centered nanoparticle.
II.A. Dimer Matrix Element
As discussed above, the system consists of a pair of spherical nanoparticles, namely 'L' and 'R', their radii . The eigenstates and eigenvalues of dimer will be found using the union of eigenstates of each individual nanoparticle, which is defined as [24] , [15] where, matrix element
Here, lm ψ ( ' ' ψ m l ) corresponds to the inner (outer) eigenstates of L (R) nanoparticle. Using Green's identity, the integral can be simplified as,
Using Eq. 17, and the property of generalized Laplace equation, 0
As derived elsewhere, inner eigenmodes of origin centered spherical nanoparticle are,
Therefore,
Similarly, the outer eigenmodes of right nanoparticle are,
The term,
using [24] can be written as,
Using Eqs. 20-22, the matrix element in Eq. 18 becomes, 
II.B. Overlap Integrals
In this section, we present the procedure to evaluate integrals like ext a,l Φ Θ | ψ appearing in Eq. 14.
As described above, the overlap integral,
Here, we are considering the case of left nanoparticle, 'L', where 
, and n corresponds to the normal, outward to surface S. Hence,
The closed surface integral is performed over the surface of the nanoparticle. The volume integral in RHS 
For isolated nanoparticle, L of radius R L , the eigenfunctions outside the particle at position, ) , , ( 
Now using properties of spherical harmonics and orthogonality relation [28] , we can write,
Other overlap integrals are calculated following the similar procedure. In our implementation, matrix elements, overlap integrals with external field, eigenmodes of individual particles inside and outside are calculated analytically using closed form expressions. We developed our own code in MATLAB 7.10.0 (R2010a). Matrix manipulation such as determination of eigenvalues and eigenfunctions of matrix-Γ is done numerically using built-in MATLAB commands. The electric field at a point is calculated by taking the gradient of the potential i.e., Φ ∇ − = E .
III. Results and Discussion
This section provides the results of our investigations based on theoretical approach described in Sec. II.
Present study considers plasmonic nanoparticles (PNPs) made of aluminum ( 13 Al), silver ( 47 Ag), and gold ( 79 Au) in isolated as well as dimer configuration. Radius of each constituent nanoparticle is denoted by R, and the interparticle separation (surface to surface) is denoted by S. Unless mentioned otherwise, both
PNPs in the dimer system will be considered spherical in shape and identical in size (R) and composition (ε m ). The optical response of PNPs is described through photon energy (ħω) dependent optical constants of Johnson and Christy for Au and Ag [26] , and A. D. Rakic for Al [27] . We expressed the optical constants from these references into fitting expressions, whose validity is shown by comparing the fitted (-, solid line), and the actual data (o, symbol) for Al, Ag, and Au in Fig. 2 . The quality factor defined as,
is shown as an inset in Fig. 2(b) for Al, Au and Ag. Evidently, the calculated variation of Q shows excellent match with the literature [29] . High Q value corresponds to strong confinement of plasmons in the cavity and large number of bounces inside the cavity before escaping. Figure 2 show that Ag possesses highest Q-factor and Al the lowest Q-factor in Vis-NIR region. This indicates lowest (highest) rate of energy loss relative to the stored energy for Ag (Al) in the Vis-NIR spectral region. However, one can notice that, the Q-factor for Al is greater in UV and deep UV (DUV)
spectral region. Thus Ag shows best plasmonic properties in Vis-NIR region and Al in UV-DUV spectral region. Quantitatively speaking, the maximum Q-factor for Ag, Al and Au corresponds to ħω =1.52 eV (λ~815 nm), ħω =7.58 eV (λ~163 nm), and ħω =1.14 eV (λ~1087 nm), respectively. However, Q-factor for Al exceeds that of Au and Ag for ħω>2.26 eV (λ<550 nm) and 3.56 eV (λ<350 nm), respectively. The field amplification factor , respectively. This may be noticed that the spectrum of isolated nanoparticle exhibits only a single resonant peak, whose position is quite insensitive to the particle size within the quasistatic size limit. Moreover, field enhancement factor produced by isolated nanoparticles is normally insufficient for SERS based single molecule detection [30] . The main features of increases significantly with R, (VI). peak separation for Al is more than Ag and Au. Similar calculations were done for different sizes and for the system embedded in the mediums of different permittivities (not shown for brevity). The results for the first plasmon peak are summarized in Fig. 4 (a-d) . Also shown is the fitted data for all cases. Resonant peak positions (λ R ) for all three metals show redshift on increasing particle size (R). The analysis shows that the redshift can be fitted as a linear function of R as,
where, a and , λ 0 are the fitting parameters. Here λ R and R are expressed in nanometer units. The details of the fitted parameters for ε d =1, 2, 3 and 4 are provided in Table- 1. Evidently, the rate of redshift is maximum for Ag. However, for low dielectric constant medium, rate of red-shift is more for Al, while 6. For all calculations, S=1.0 nm is considered. It can be seen that, the resonant position λ R gets redshifted with increasing ε d . The behavior suggests that, λ R can be fine tuned through the selection of embedding medium (ε d ) and the variation can be fitted into the following mathematical expression,
where, 0 λ and a are fitting coefficients, and λ R is expressed in nanometer units. The details of fitting parameters are provided in Table- 2. The effect of interparticle separation S on λ R is shown in Fig. 7 .
Evidently, resonant position gets blueshifted on increasing interparticle separation S. The blueshift with interparticle separation can be fitted as, [30] .
where, 0 λ , a 0 and S 0 are fitting coefficients and all are expressed in nanometer units. The details of the fitting parameters are provided in Table- 3 (a). Also, the effect of interparticle separation S on field amplification factor, A (ω) is shown in Fig. 8 . Amplification factor, A (ω) increases for all three metals on reducing interparticle separation. This is due to the fact that, on increasing interparticle separation S, the interaction between constituting NPs will be weakened and fewer modes will get coupled. The variation of field amplification factor, A (ω) with S (nm) can be fitted in the following expression,
where, a 0 and a 1 are fitting coefficients and S is expressed in nm units. The details of the fitting parameters are provided in Table-3(b) . The mathematical fitting expressions provide simple tools for understanding the behavior of the dimer based plasmonic systems and designing plasmonic system resonating at desired wavelength of interest in UV-Vis spectral region. In order to show the significance of fitting expressions developed in this work, we use them to design dimer based plasmonic system with maximum field enhancement at six important wavelengths of practical importance [30] , λ=266, 315, 488, 514, 633, and 660 nm.
IV. Conclusion
In conclusion, we have formulated and used Bergman-Milton multipole spectral expansion method to investigate the electric field enhancement in the gap region of Al, Ag and Au nanoparticle dimers. The role of particle size, embedding medium, interparticle separation and the metal type are studied in details.
The resonant wavelength shows redshift with increasing nanoparticle radius as well as the dielectric constant of the embedding medium. The redshift with increasing particle size and the dielectric constant wavelength on increasing interparticle separation is fitted as single phase exponential decay. Moreover, the field amplification factor and interparticle separation are fitted into log-log expression for Al, Ag and Au. Most importantly,these fitting relations are used to design plasmonic nanoparticle dimer with resonant optical response at crucial wavelengths in UV-Vis spectral region.
Table-1:
The details of the fitting parameters for R (nm) dependence of λ R (nm) for different dielectric constant (ε d ) of embedding medium and interparticle separation, S=1.0 nm. 
